Presently, lithium-ion batteries (LIBs) are the most promising commercialized electrochemical energy storage systems. Unfortunately, the limited resource of Li results in increasing cost for its scalable application and a general consciousness of the need to find new type of energy storage technologies. Very recently, substantial effort has been invested to sodium-ion batteries (SIBs) due to their effectively unlimited nature of sodium resources.
Furthermore, the potential of Li/Li + is 0.3 V lower than that of Na/Na + , which makes it more effective to limit the electrolyte degradation on the outer surface of the electrode. [1] Nevertheless, one major obstacle for the commercial application of SIBs is the larger ionic radius of Na + (0.98 Å) which is 0.29 Å larger than that of Li + , resulting in easier structural degradation for the Na + host materials. [2, 3] As anode materials for SIBs, the traditional carbonbased materials like hard carbon [4] and porous carbon [5, 6] , tin (Sn) [7] and antimony (Sb) [8] show poor cycle performance due to their large volume expansion caused by Na + insertion.
Compared with the commercial carbon-based anodes with a relatively low theoretical capacity (below 380 mAh g -1 ) in LIBs, silicon (Si)-based materials are particularly promising because of their extremely high reversible specific capacity (3590 mAh g -1 , corresponding to Li15Si4). [9] [10] [11] [12] [13] Very excitingly, many previous theoretical calculations have predicted that Na can also alloy with Si to form NaSi (Si + Na + + e − ↔ NaSi), providing a specific capacity around 960 mAh g -1 . [14, 15] Therefore, from the viewpoint of high energy density, Si-based anode material is also an excellent choice for SIBs. Unfortunately, realizing reversible Na + insertion in crystalline Si (c-Si) is still impeded by difficulties. Only one report on the charge/discharge-reversible Si anode for SIBs was published very recently, where nanosized
Si contained a significant amount (more than 60%) of amorphous Si (a-Si) as anodes in SIBs. [1] Owing to the essential disadvantages of Si (e.g., the low conductivity and large volume change during cycling), however, poor rate performance and cycle life were unavoidable. Also, the sodiation mechanism has not been well elaborated so far.
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Herein, we demonstrate for the first time the feasibility of nanosized c-Si (below 100 nm in diameter) as the original anode in SIBs. Taking advantages of in-operando Raman spectroscopy that is also first reported for Si-based anodes, and kinetics analysis, we find that an irreversible crystal structure conversion occurs during the first Na + insertion/extraction processes, resulting in an irreversible decrease in the crystallinity within the initial c-Si. Ultrafast reversible reactions between the newly generated a-Si and Na + ions then proceeded smoothly during the subsequent cycles. In addition, the size effect of the starting c-Si nanocrystals also has a significant influence on the reversible Na + insertion/extraction into/from c-Si. Microsized c-Si showed a very low specific capacity and didn't show any structural conversion in terms of the electrochemical and in-operando X-ray diffraction (XRD) analyses, respectively. Unfortunately, the cyclability of the pure nanosized c-Si was poor, resulting in a rapid decay in capacity even during initial several cycles. This can be explained by the volume expansion/constriction during Na + insertion/extraction processes. [16] As a result, structural degradation in the expanded c-Si quickly took place, and these destructive Si particles were subsequently dispersed into the electrolyte, leading to the poor structural stability. Another disadvantage of pure c-Si is the low conductivity, which is negative for rate performance. [10, 11] Based on our research on the sodiation mechanism of nanosized c-Si, herein, the electrochemical abilities of pure nanosized c-Si electrode could be improved via carbon doping and nanostructural design. Inspired by the previous work on Si-based anodes in LIBs, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] loading Si nanoparticles (Si NPs) within one-dimensional (1D) carbon nanofibers is one of the most desirable strategies to improve the conductivity and rate capability. Such an attractive structure can provide shortened path for ionic diffusion and effective electron transfer in the radial direction. As for the volume expansion of c-Si, yolk-shell carbon/void/Si (CVS) composite is prospective, since the introduced gap provides space for Si NPs without wrecking the outer coatings and the solid electrolyte interphase (SEI) film. [11, 27] Therefore, by Submitted to 4 4 integrating 1D carbon nanofibers and the yolk-shell structure, it is feasible to create highperformance Si anodes.
In this work, we fabricated a flexible binder-free bamboo-rattle type Si/C film via a electrospinning technology. Typically, CVS nanobeads were first prepared through a templating method, whereby Si NPs were enwrapped with a uniform silica coating (SiO2@Si), and then these SiO2@Si nanospheres were uniformly distributed into the carbon nanofibers through a facile and scalable electrospinning method. After the treatment of carbonization and HF etching, the final Si/C composite with a well-defined yolk-shell nanoarchitecture was achieved. Very encouragingly, the resulting Si/C hybrid is flexible, and exhibits high reversible capacity, ultrafast sodium storage and outstanding cyclability in SIBs.
Figure S1a
shows the experimental and simulated XRD patterns of nanosized c-Si with Rietveld refinement. All the peaks are strongly correlated to c-Si, and no other peaks can be found. [12] The refinement with a space group of cubic Fd-3m (227) gives the lattice parameters of a = b = c = 5.4271(1) Å and V = 159.85(0) Å 3 with reasonably low R-factors (6.35%) and x 2 (0.9358) value using the GSAS suite. [29 ] Figure S1b shows the schematics of the cubic structure of nanosized c-Si. Figure S1c presents the scanning electron microscopy (SEM) image of the slightly agglomerated nanosized c-Si NPs with a diemeter of 80−100 nm. stability, it is obvious that reversible Na + insertion/extraction reactions happen in the pure nanosized c-Si electrode based on these discharge-charge profiles and the inset cyclic voltammetry (CV) data. During the first discharge, a sloping voltage plateau at 0.75 V can be found. However, the plateau becomes less and less obvious in the following cycles. This can be further confirmed by the reduction peaks at about 0.75 V (which follow the same changes in intensity as the platforms at 0.75 V in Figure 1a ) in the CV profiles (inset of Figure 1a ), indicating the continual reformation of the SEI layers as a result of the repeated pulverization of nanosized c-Si. [16] Another voltage plateau below 0.5 V in the discharge profile is consistent with the reduction peak at 0.2 V in the CV plot, which is related to the Na ion uptake and alloying process with c-Si. [1] In addition, the intensity of these reductive peaks around 0.2 V decrease gradually upon cycling, indicating the weaker and weaker active reactions between active c-Si and Na ions in the electrode. This can be explained by the reduced amount of active c-Si, arising from continuous pulverization and volume expansion of nanosized c-Si during discharge/charge cycles. [16] Compared with the initial discharge profile with obvious long plateaus around 0.5 V, however, no flat plateaus can be found in the following discharge cycles. Therefore, different reaction mechanisms may occur during the Na + insertion in the initial and subsequent discharge processes, respectively. The galvanostatic discharge/charge profiles and the CV curves suggest that the initial Na + insertion process is more like the typical alloying reaction behavior, while the following ones tend to show the capacitive behavior ( Figure S2) . [28] Moreover, the platforms below 0.75 V in the charge profiles correspond to the broad oxidative peaks between 0.01−0.75 V in the CV curves (inset of Figure 1a ). Evidently, these curves could not be well overlaped, indicating the poor structural and cycling stability of nanosized c-Si for sodium storage.
Based on CV results, kinetic analyses have been carried out to further understand the electrochemistry of the nanosized c-Si/Na cell. Figure S2a shows the CV profiles with broad Submitted to 6 6 peaks at different scan rates from 0.1−20 mV s -1 during both charge and discharge processes.
Based on the relationship between current (i) and the scan rate (v) [29] : Figure S2c shows that the diffusion-controlled charge mostly took place around the peak voltage, suggesting that the diffusion-controlled process is available in this area and consistent with an alloying interaction behavior between Si and Na ions. [30] Depend on the quantification, 68 % of the total charge is capacitive at a scan rate of 10 mV s -1 . Contribution ratios between these two different processes at other different scan rates were also tested. The capacitive capacity grows progressively with rising the scan rate, and reaches a maximum value of 68 % at 10 mV s -1 finally ( Figure S2d ).
The Na + storage capability of the microsized c-Si anode was also explored by in-operando XRD patterns ( Figure 1b ). There is no change in the intensity of the Si peak around 29. Raman spectrum is 500 s, and each Raman spectrum is consequently acquired within 0.2 V.
The potential output of the original half SIB is 1.8 V, and the total measurement time for the first CV cycle is 12,000 s. The peak located at about 520 cm −1 is attributed to c-Si, while the peaks at about 1350 cm −1 (D-band) and 1600 cm −1 (G-band) are ascribed to carbon. [11] No other sharp peaks could be found from the charged/discharged electrode. The intensity of the Si peak in the Raman spectrum is directly related to its crystal structure, and a larger peak area corresponds to relatively higher crystallinity and vice versa. Therefore, the structural changes (e.g., structural disorder) due to charge/discharge energy storage will inevitably leads experimentally to the evolution of band intensities. Therefore, revealing the crystal structural information on c-Si through in-operando Raman testing is ideally suitable to obtain a clear relationship between the structural features and Na + insertion/extraction. The intensity changes in the Si peaks are summarized in Figure 2b . It is revealed that the relative intensity of the Si peaks first decreased significantly after the initial discharge process (0−4500 s), corresponding to the reduction peaks at 0.75 V (from 0.5 V to 1.5 V) and 0.2 V (from 0.01V to 0.5 V) in the CV profile. Then the decrease slowed down in the following charge process (4,500−12,000 s), and the peak intensities remained stable for the rest of the cycling test (12,000−30,000 s). Because the reduction peak at 0.5−1.5 V disappeared during the second cycle, the first intensity decrease in the range of 0−3250 s should be related to the formation of SEI film during the first discharge process. The intensity then decreased from 3250−4500 s. This corresponds to another reduction peak from 0.01 V to 0.5 V, demonstrating the Na + Submitted to 8 8 uptake and the alloying process with c-Si. After the first discharge process, the intensity of the Si peak remained almost stable, which means that the intensity decrease from Na + insertion was irreversible. Therefore, we believe that the crystallinity of c-Si experienced a considerable irreversible decrease during the first cycling test, resulting in more of the disordered a-Si structure in the c-Si (which can be testified by the HRTEM images and their corresponding FFT patterns in Figure S4 ). HRTEM images indicate the crystalline nature of original c-Si nanoparticles ( Figure S4a ) and an increasing content of the amorphous structure in the subsequent cycle ( Figure S4b and S4c), which agrees well with the Raman results.
Furthermore, the crystal structural conversion of the c-Si electrode was explored in detail by ex-operando Raman spectra. Figure 2c shows the Raman profiles of the original c-Si and the c-Si after one electrochemical cycle. It can be found that the intensity of the Si peak decreased directly from 6800 a.u. to 1000 a.u. after the first cycle. In addition, a certain amount of a-Si could be observed after one cycle (inset of Figure 2c ). The ratio of the peak areas between aSi and c-Si is about 3:1, which means that more than 75 % of the c-Si was converted to a-Si after the first sodiation process.
Therefore, an irreversible crystal structure transformation from c-Si to a-Si takes place during the first sodiation process and this newly generated a-Si is beneficial for the reversible Na + insertion reaction due to its more disordered crystal structure. Unfortunately, because a-Si has a larger lattice spacing than that of c-Si, the volume of the original c-Si will inevitably increase during this sodiation process. The structural integrity will also be destroyed, leading to a degradation of the original structure and the decrease of the effective conductive contact between the electrode skeleton and the active materials (similar to the c-Si'-behavior in LIBs).
As a result, the pure nanosized c-Si electrode shows poor structural and cycling stability.
The diagrams in Figure S5 schematically illustrate the process for the c-Si planes collapse.
The whole process includes four phases along with an growing degree of sodiation. In stage one, Na ions diffuse along the ion channels and accumulate at tetrahedral sites between (111) 9
planes because this position is the most stable site for Li-or Na-ion insertion (highlighted as greenish regions in Figure S5a ). [30] [31] [32] [33] [34] In stage two, along with the concentration of Na + grows, the bonds of Si-Si are broken, and Na atoms make new bonds with Si atoms in stable positions ( Figure S5b) . In stage three, further sodiation leads to the break of majority of the Si-Si bonds, and crystal Si transformed into an amorphous Na-Si alloy ( Figure S5c) . In stage four, after the desodiation process, the amorphous structure is maintained, leading to the a-Si structure ( Figure S5d ).
To enhance the architectural stability and the conductivity of c-Si (Figure S6 ), we design a unique nanoarchitectured Si/C composite. It is demonstrated that only limited sodiation can proceed in the microsized c-Si, due to the limited active positions. In contrast, the sodiation process could be more easily realized in the nanosized c-Si. However, the nanosized c-Si experiences large volume expansion after the first sodiation, resulting in structural pulverization. Therefore, a yolk-shell structure inside the 1-D structure of the Si/C composite is reasonable for improving the structural stability and also the conductivity. Yolk-shell structured Si/C nanobeads distributed within the 1 D carbon nanofibers lead to a bamboorattle like Si/C composite. Even after the sodiation process, the cracked c-Si particles can still be well maintained inside the hollow carbon spheres, avoiding the direct exposure of the electrodes in the electrolyte. show that Si NPs are separate from each other with a void space between them. It is believed that the uniform coating of silica and the following treatment by HF can improve the CVS distribution inside the nanofibers. TEM observations indicate that the silica coatings could be completely removed after HF treatment, suggesting that the HF solution could go through the CNF wall. As a result, it is reasonable that few amount of the electrolyte could also penetrate the CNF wall during the cycling of our tested cells. Owing to the formation of SEI layers on the outer surface of CNFs during initial cycles, however, it is believed that the electrolyte could be effectively limited to go through the CNF wall in the subsequent cycles.
The mechanical properties (mechanical intensity and flexibility) of the final products play important roles in the practical application of flexible electrodes. Since an atomic force microscopy (AFM) system can be satisfied to accurately employ nano-and pico-Newton ranged forces to detect the nanoscale ranged deformation, it is an extremely helpful instrument for the investigating the mechanical properties of nanosized materials. The working principle of this tool is depended on the interaction between the sample and AFM tip upon contact or near contact, in the so-called three-point bend measurement. Therefore, it is ideally available for revealing the flexibility of the nanosized Si/C fibers. Figure S8a Si/C-3 membrane recovers its initial state easily after folding and manipulation, indicating its excellent mechanical durability ( Figure S8c) . Si/C-3 as the preferred sample was chosen for the following electrochemical tests. (220) and (311) plans, respectively. Apart from them, another peak at around 25.0 o can be associated with the carbon's (002) planes. The intensity of (002) peak is very weak, which means that this carbon material has a low graphitization degree. Figure . Therefore, the as-prepared Si/C-3 is endowed with the excellent cyclability and rate performance. In order to systematically understand the whole profiles about the alloy anodes for sodium storage, we provide a summary in Table S1 to compare our Si-based alloy electrode with other alloy materials. The TEM image of Si/C-3 upon continuous cycling is shown in Figure S9 . We can see that a structural pulverization of c-Si happens inside Si/C-3 after cycling test. c-Si nanoparticles are broken into smaller particles in an amorphous state. Fortunately, all of these smaller-sized particles are well maintained inside the porous CNFs, which is exactly ascribed to our novel structural design.
The bamboo-rattle structured Si/C created here shows excellent electrochemical properties with good cycling stability and ultra-fast Na + -storage capability. This is mainly because of its unique architecture: (1) the introduction of the interconnected 1D carbon nanofiber network can effectively strengthen the mechanical properties, improve the electrical conductivity, and prevent electrolyte ingress; and (2) the yolk-shell structure developed inside can not only provide additional storage sites for Na + and promote Na + transfer and electrolyte diffusion, but also provide better absorption of the huge volume changes of c-Si during cycling, prevent the aggregation of Si NPs, and allow for the growth of a stable SEI film.
In summary, we report the sodiation/desodiation mechanism of nanocrystalline silicon during the Na + insertion/extraction processes. It is found that an irreversible crystal structure conversion from crystalline silicon to amorphous silicon takes place during the first discharge process, leading to reversible Na + insertion in the newly generated amorphous silicon.
Furthermore, in order to overcome the poor conductivity and inferior structural stability of aSi, an attractive well-defined bamboo-rattle-like architecture is designed. The rationally designed, interconnected, 3D carbon framework, which is made of yolk-shell carbon/silicon nanobeads embedded in 1D carbon nanofibers, endows this silicon-based SIB electrode with excellent electrochemical Na-storage performances. In addition, this 3D carbon framework is flexible and also has good mechanical strength, which can serve directly as binder-free anodes for SIBs. Therefore, we believe that nanocrystalline silicon is a very promising anode material in sodium ion batteries, taking advantages of a designed structure.
Experimental Section
Materials: All the reagents used were obtained from Sigma Aldrich. Commercial c-Si NPs were first coated with a SiO2 layer (SiO2@Si) using tetraethoxysilane. SiNPs (150 mg) were first dispersed in a mixture of ethanol (240 mL) and water (60 mL) under ultrasonication, Sb-based anodes Pure Sb 660 [1] Amorphous AlSb ~ 400 [2] Amorphous Mo3Sb7 ~ 400 Figure S9 . The TEM images of Si/C-3 after cycling test.
